Here we examine magnetic coupling in layered magnetic/nonmagnetic nanowires created using electrochemical deposition into nanoporous templates. By utilizing reproducible and tunable deposition methods, various aspect ratios and spacing between magnetic domains were created. Low aspect ratio disks were then coupled to high aspect ratio rods to control the mechanism for spin flip in the disk component of the system. The orthogonal relationship between the magnetic easy axis of the disk and rod geometries creates a multistate system with both in-plane and out-of-plane easy axes by balancing magnetic shape anisotropy with dipole coupling between the two layers.
Introduction
The ability to organize magnetic and nonmagnetic materials across different length scales has led to the synthesis of devices that show novel magnetic effects [1, 2] . Magnetoresistive spinvalves are a common example, where spin transfer between layers of magnetic materials can result in changes in the electrical resistance of the material [1, 2] . In spin-valve devices, resistance is dependent on the relative spin orientation of two separated magnetic layers. The first magnetic layer, the free layer, can switch between magnetic orientations, while the second layer, the pinned layer, contains spins that are oriented in a fixed direction. These two magnetic layers are separated by a nonmagnetic spacer layer [3] . Parallel spins in the two magnetic regions allow for low device resistance to an injected spin-polarized current, while antiparallel spins produce a high resistance; this effect is known as giant magnetoresistance (GMR) [2, 4, 5] . Previous work has built on the basic geometry described above by utilizing a perpendicular spin polarizer [6] [7] [8] [9] [10] . The polarizer allows for a more energy efficient precessional out-of-plane switching of the magnetic spin, compared to the less favorable in-plane switching. Based on these ideas, there have been large scale demonstrations of lithographically produced spin-valve arrays with dimensions in the range of 100 Â 200 nm 2 [7, 11] .
Here we present a fundamental study of coupling in nanosized magnetic layers, motivated by the efforts in spin-valve devices. We specifically address the following question. As the size of the active elements is reduced to the single domain limit (here $ 50 nm), can we control the mechanism and barrier for spin flip using coupled nanosized magnetic domains? To do this, we vary the spacer distance between a disk and a rod to study the effects on the coupling between the two magnetic components. The disks and rods are created by electrochemical deposition of magnetic and non-magnetic metals into anodic alumina pores. This method allows us to precisely control all dimensions of the magnetic domains for coupling measurements, making it an ideal system for a fundamental study of the coupling of various sample geometries. However, previous spin-torque measurements on electroplated multilayer systems that have shown effects are not large in these materials. Therefore, the disk/rod couples used here should be considered a geometric model system that is not likely to be useful for actual devices [12] [13] [14] . 
Materials and methods
Magnetic nanowires were synthesized in a similar manner to previously published work [15] [16] [17] [18] . Circular sheets of AAO (13 mm) with 45 nm inner diameter pores were purchased from Synkera Inc. and used as templates for the rod synthesis (note that the labeled pore size on the AAO used here was 35 nm, but significant variation is observed). Ag (200 nm) was evaporated on one side of each template and used as a working electrode to deposit the rod materials. The templates were mounted into an electrochemical cell, and 2 C of a Ag "buffer" layer was deposited under constant potential electrolysis at À 1150 mV (Technic Inc. 1025 RTU plating solution diluted to 80% concentration was used). The electrochemical cell was thoroughly rinsed, and Au and Ni sections were alternately plated (at À 970 and À 910 mV, employing Technic Inc. Orotemp 24 Rack and Nickel Sulfamate RTU solutions, respectively) until the desired nanowire segment lengths were achieved. The Ag backing/buffer layer was then etched in a 3:1:1 mixture of 95% ethanol to 30% H 2 O 2 (in H 2 O) to 28% NH 4 OH (in H 2 O). The alumina network was further etched off a small portion of each sample and the freed nanowires were examined in a Hitachi 4800 SEM (Fig. 1) . The remainder of the wires remained within the alumina membrane for magnetic characterization. M-H curves were measured by SQUID Magnetometry using a Quantum Design MPMS with RSO detection. Samples were measured with the field applied parallel and perpendicular to the pore long axis. A TJA Radial Iris 1000 ICP-OES was used to determine the relative concentrations of Ni in the coupled wires. This allowed us to subtract out the magnetic contribution of the rods in coupled rod-disk systems. Samples for ICP-OES were digested in 300 ml of Optima HCl and 100 ml of Optima HNO 3 and diluted with 8 ml of 5% Optima HNO 3 after 3 hours heating at 85°C.
Results and discussion
The shape of magnetic materials plays an important role in determining the overall magnetic properties. This is most prominently manifested in nanosystems as these are frequently single domain magnets. Typically, the long axis of a nanostructure provides the more energetically favorable orientation for spin alignment; this is commonly named the easy magnetic axis. The origin of this effect occurs when magnetic charges or poles at the surface of the material create a magnetic field that acts to oppose the internal magnetization of the sample [1] . This demagnetizing field is dependent on the shape of a nanostructure; as the aspect ratio increases, this demagnetization factor along the long axis approaches zero. Since the demagnetization factor is inversely proportional to ease of magnetization, it becomes easier to magnetize the sample in the long direction, thus creating the easy axis. Note that this shape anisotropy is distinct from magnetocrystalline anisotropy, which arises from bond anisotropy within the crystal lattice [1] . While both are present in magnetic nanosystems, shape anisotropy generally dominates over magnetocrystalline anisotropy in highly non-spherical nanosized objects [1] . In our system, we deliberately synthesized rods and disks (aspect ratio 43:1 and o1:2, respectively) that should exhibit complementary easy axes: along the long axis of the rod structure or in the plane of the disk.
Nanostructures of varying aspect ratios were synthesized with the goal of finding structures that showed the highest magnetic anisotropy (i.e. high remanence and coercivity in only one axis) (Fig. 1) . The easy magnetic axis of the high aspect ratio rods and low aspect ratio disks were identified by examining hysteresis in M-H curves. An example of a hysteresis loop for an optimized rod sample is shown in Fig. 2A . These data indicate a single magnetic easy axis along the long axis of the rod, as shown by a high remanence (0.936) and coercivity (1660 Oe) when the magnetic field is applied parallel to the long axis of the rod. Conversely when the magnetic field is applied perpendicular to the long axis of the rod, both remanence (0.071) and coercivity (240 Oe) are low. Alternatively, disk segments exhibit a planar distribution of easy axes within the plane of the disk (Fig. 2B ). This is evidenced by a larger remanence when the magnetic field is applied parallel to the plane of the disk (0.541) rather than when applied perpendicular to the plane of the disk (0.293). While the anisotropy is much weaker in disk segments compared to the rod structures, this is expected because disks contain a plan distribution of easy axes, rather than a single easy axis. The result is also consistent with previous findings concerning magnetic shape anisotropy of similar structures [19] [20] [21] [22] .
In determining these optimized aspect ratios, a range of disk and rod samples were examined. Table 1 summarizes the magnetic anisotropy measured for 5 particularly illustrative samples, 3 rods and 2 disks. The table shows aspect ratio, absolute length or thickness, and the ratio of remanent magnetization along the easy magnetic axis compared to the remanence in the hard direction. For rod-like structures, this is a ratio of the remanence parallel to the long axis of the rod divided by the remanence perpendicular to the rod. For disks, the opposite ratio is used -the table reports the remanence parallel to the plane of the disk divided by the remanence perpendicular to the plane of the disk. Defined in this way, the highest ratio always indicates the most ideal structure. For rod like structures, an aspect ratio of 2:1 produces modest anisotropy, but the anisotropy increases significantly when the aspect ratio increases to 3:1 or higher. Samples similar to R2 were thus used as the rod-like segment in all work on coupled structures. When the dimensions get to be too large -either too long or too wide and too long, as seen in R3 -the remanent anisotropy plummets because the rods no longer contain a single magnetic domain and shape anisotropy no longer dominates the domain alignment. For disks, we expected that thinner structures would be better, but comparison of samples D1 and D2 indicates that the disks can be too thin. This likely stems from roughness within the nanowire stack. While our method can be used to precisely plate a desired thickness of metal, if the nucleating surface is not flat, the resulting disk-like structure will not be perfectly flat. Shapes that are thick compared to the roughness thus show higher magnetic anisotropy. Samples similar to D2 were thus used as the disk-like segment in all work on coupled structures.
As previously stated, our goal in this work is to examine how a disk/rod couple can be used to tune the static barrier for spin flip in a nanosized element that could serve as a model for a free layer in a spin-valve type structure. By coupling the disk's horizontal easy axis with the rod's vertical easy axis it should be possible to create a range of intermediate spin states, potentially leading to a magnetic system with both in-plane and out-of-plane easy axes (Fig. 3A) . We note that in this work, the cross-section of our stack is circular, so that there are no preferential in-plane alignment directions. In any real device using these ideas, an oval or rectangular cross-section would be needed to create just two in-plane easy-axes, coupled to one out-of-plane easy axis. The goal is to use the out-of-plane easy axis to control the mechanism for spin flip and to reduce the energetic barrier for magnetization reversal by balancing magnetic shape anisotropy with dipole coupling between layers. Coupling of the spins between the two segments pulls the free layer's magnetization out of the plane of the disk. The magnetization is transiently parallel to the high aspect ratio pinned layer's easy axis and allows the disk to more easily leave its initial magnetization and relax back down to a new magnetization direction. We note that because we are using stacks with a circular cross-section, the barrier for in-plane magnetization reversal is already much reduced compared to a more standard rectangular cross-sections, so any beneficial effects of this coupling should only be increased in real systems. Theory has predicted that the use of a perpendicularly aligned element creates a more energy efficient device [6] [7] [8] [9] [10] . This geometry has also been experimentally realized in larger lithographically prepared systems [7, 11] . We tested these ideas by varying the proximity of the disk element to the rod element through control of the spacer distance between the two magnetic components; static magnetization measurements were then used to probe the magnetic coupling.
We began by fabricating nanostructures in which the high and low aspect segments are placed in close proximity to one another ( Fig. 1C-E) . When the nanostructures are placed in a magnetic field perpendicular to the longwire axis (i.e. along the plane of the low aspect ratio disks), we observe that the remanent magnetization of disks decreases with decreasing spacing between the pinned rod layer and the free disk layer (Fig. 3B) . This data was obtained by subtracting out the signal from the rod segments using magnetization data obtained on uncoupled rods with the same dimensions. Scaling of magnetization curves between pure rod and rod-disk samples was done based on the total Ni content in the rods of each sample. The procedure allows us to more directly see the effect of coupling on the low aspect ratio segments.
The result is a multi-state magnetic system where coupling to the easy axis of the high aspect ratio rod effectively creates an extra out-of-plane easy magnetic axis parallel to the longwise axis in addition to the in-plane easy axes created by the shape anisotropy of the disks. Since the intermediate spin state allows for lower energy switching, magnetic remanence is decreased.
Conclusion
In this work we have demonstrated how one can reproducibly and rationally design and synthesize narrow diameter (o50 nm) multilayer magnetic nanowires. Through controlled placement of magnetic and nonmagnetic sections, we have experimentally studied the coupling of various geometries of magnetic materials. We have shown that by coupling high aspect ratio magnetic rods with low aspect ratio magnetic disks we can increase the propensity of disk to switch out-of-plane by coupling to the rod. The results are complementary to previous work on spin systems utilizing dynamic perpendicular spin polarizers, in that those systems aim to control the precession of electrons moving through a spin-torque device. Here we aim to modify the static barriers for magnetization switch; presumably both methods could be used in combination in an optimized device. 
